INTRODUCTION
Atherosclerosis progresses slowly and silently over decades. The long-term course provides an opportunity for diagnosis before symptoms occur. For many years cardiovascular imaging has been able to detect only advanced atherosclerotic disease, but developments in technology offer new prospects for early detection, stratification of risk on an individual basis, monitoring of therapy, and improved understanding of the biology of atherosclerosis. 1 MRI has evolved into an excellent method for the noninvasive evaluation of the vessel wall in advanced atherosclerotic cardiovascular disease without exposing the patient to ionizing radiation. This modality has been used to examine various large arteries, including the coronary, 2 carotid 3,4 and peripheral 5, 6 arteries and the aorta. 7 Few MRI studies of atherosclerosis have, however, been done in patients with inter mediate or early disease, and reproducibility has only been tested in small numbers of patients with advanced disease. [8] [9] [10] [11] In early atherosclerosis, though, plaque morphology is only approaching the spatial resolution of MRI, and reproducibility of image analysis is an important problem that requires assessment.
We did a cross-sectional, prospective study to assess the reproducibility within and between radiologists in the manual measurement of MRI parameters related to atherosclerotic plaque burden in the left and right carotid arteries and the thoracic descending aorta. We also aimed to evaluate whether plaque burden is systemic and its correlation with age and sex.
METHODS
The study was approved by the institutional review board of the Mount Sinai School of Medicine, New York, NY, USA.
Patients
In order to assess the atherosclerotic burden in patients with a broad range of athero sclerotic risk factors, we aimed to recruit a hetero geneous sample from clinics in the New York metropolitan area, NY, USA, between January 2003 and December 2006, to undergo a black-blood MRI of the carotid arteries and the aorta. Physicians in the collaborating clinics were contacted in person and asked to screen their patient populations for eligible candidates for inclusion in this study. The only inclusion criterion was the presence of two or more traditional risk factors for cardio vascular disease, such as diabetes, hypertension, hyper cholesterolemia, smoking, obesity and family history. The charts of all patients put forward for the study were reviewed by SH Aguiar and J Stern to ensure eligibility. All patients who met the inclusion criteria were referred to Mount Sinai School of Medicine for MRI.
Written informed consent was obtained from all the patients on arrival for MRI. Before imaging was performed, patients were asked to complete a detailed medical history questionnaire. All patients underwent black-blood MRI acquisition in both carotid arteries and the thoracic aorta. Within 3 months of imaging, each patient's last lipid profile recorded before MRI was obtained from their medical records.
MRI of carotid arteries and aorta
All imaging was undertaken at Mount Sinai School of Medicine on a 1.5 T whole-body MRI system (Sonata®, Siemens, Munich, Germany). The system had maximum gradient amplitude of 40 mT/m and a slew rate of 200 mT m -1 ms -1 . The integrated body coil was used for transmission. For the carotid images, a custom-built, four-channel carotid array was used for signal reception, 12 and for the aortic images, a sixchannel cardiac coil (Siemens) was used in conjunction with the spine array. The rapid extended coverage (REX), double-inversion recovery turbo spin echo black-blood pulse sequence 13 was used to obtain images of the carotid arteries, with a chemical shift-suppression pulse to suppress signal from peri vascular fat without affecting the signal from lipids within the plaque.
For the carotid arteries, 12-24 nonoverlapping, cross-sectional slices were obtained as one or two sets of 12 images obtained simultaneously, centered around the carotid bifurcation ( Supplementary Figure 1 online) . Imaging parameters were as follows: each group of slices was imaged in a proton-density-weighted, nongated sequence (echo and repetition times 2,130 ms and 5.6 ms, respectively), with a field of view of 12 × 12 cm, bandwidth of 488 Hz/pixel, matrix size of 256 × 256, a turbo factor of 15 and two signal averages. The slice thickness was 3 mm, with gaps of 0.3 mm between each one. The 12 images within each group were not conti guous, as they were positioned manually, but care was taken to ensure that slice groups did not overlap.
For the aorta, we obtained 24-36 images per patient as two or three sets of 12 images obtained simultaneously from the top of the aortic arch of the iliac bifurcation (Supplementary Figure 2 online). The pulse and proton-density-weighted imaging sequences were the same as for the carotid arteries, except for the following features: the aortic scans were cardiac gated, the field of view was 20 cm, and the slices were 5 mm with gaps of 0.5 mm between. The other imaging parameters were the same as those for carotid imaging.
MRI analysis
After MRI was complete, images were transferred to a dedicated workstation for analysis. An experienced reader (KB Weinshelbaum), who was unaware of patients' information, analyzed all the images for all patients and scored the image quality for all images. Classification of images as good quality was subjective and was based on four criteria-overall image quality, vessel wall delineation, flow suppression, and artifacts 14 each scored on a five-point scale (1 being the worst and 5 being the best). If the score for any criterion was 2 or lower, the image was excluded from analysis; if all scores were 3-5, the image was 'accepted' for assessment. The inner and outer vessel wall boundaries were manually traced for all vessels and measure ments were made with VesselMass software (Leiden University Medical Center, Leiden, The Netherlands; Figure 1 ). 15 Mean wall areas and thicknesses, lumen areas and total vessel areas were calculated semiautomatically ( Figure 2 ). In order to control for differences in areas between smaller and larger arteries, we calculated the ratio of the mean wall area to the mean total vessel area (WA/TVA).
Wall thickness measurements were based on the centerline method, as previously described. 16 Briefly, local wall thickness measurements were obtained at 100 evenly spaced positions along the circumference of the vessel wall within one slice. The SD of the 100 measures of wall thickness provides the SD of the wall thickness for that particular slice.
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Reproducibility within and between readers
To test within-reader reproducibility, the study reader marked wall boundaries for a second time on images for 20 randomly selected patients. To select these patients, we assigned each patient a number between 1 and 300. We used a computerbased random-number generator to generate 20 arbitrarily determined, unique numbers from this group. The second assessments were made in the order in which the computer generated the 20 numbers. A second observer (H Taniguchi), who was also unaware of patients' information, marked and measured features on all images for 187 study patients randomly selected as above and on a training set of images from 10 individuals, acquired independently from this study.
Statistical analysis
Each MRI variable was assessed for approximate normality by standard methods based on moments, histograms, and normal probabi lity plots. 17 Non-normal variables were transformed before analyses to best approximate normality. Logarithmic transformation was used for wall area and thickness, and reciprocal trans formation was used for the lumen and total vessel areas. The WA/TVA ratio did not require trans formation. Mean values and associated CIs were backtransformed for presentation, as required. 17 For instance, exponential trans formation was applied to the mean and both the CIs when the natural logarithmic trans formation had been employed.
Intraclass correlation coefficients (ICCs) for reproducibility within and between readers, mean values within each patient, and for each vessel were obtained according to the method of McGraw and Wong. 18 An ICC value of 1 indicates perfect agreement. We used Bland-Altman plots 17, 19 to assess variability within and between readers.
Correlations between the location of lesions (right versus left common carotid artery, left carotid artery versus thoracic descending aorta, and right carotid artery versus thoracic descending aorta) and mean (95% CI) values on MRI, stratified by age (≤50 years, 51-60 years, and >60 years) and sex, were estimated from linear mixed models, 17 based on the complete data set (all images in all vessels from all patients). We applied a heterogeneous compound symmetry correlation structure and Satterthwaite degrees of freedom. 18, 20 We compared age and sex by using least-squares means, subsequently back-transformed where appropriate.
Statistical analyses were performed with SPSS® 21 and SAS 22 software. A P value of ≤0.05 was deemed significant.
RESULTS
In total, 300 patients were enrolled in the study. Among these, the mean age was 53 (SD ± 7.4, range 8-86) years, 57% were male, 23% had a history of coronary artery disease, 8% had previously had a stroke, and 48% were receiving statin therapy, although cardiovascular risk factor data were not complete for all patients (Table 1) .
Imaging outcomes
Data for the internal and external carotids, ascending aorta, aortic arch, and descending abdominal aorta were not analyzed since the images were excluded since they were not the focus of the current study. Therefore, for the carotid arteries, of the 12-24 images obtained per patient, 5-10 were deemed high enough quality for analysis and accepted. Similarly, for the aortic images, of the 24-36 images obtained for the entire aorta, 8-10 slices were accepted. Overall, 1,521 left common carotid artery slices, 1,379 of the right common carotid artery, and 1,983 of the thoracic descending aorta were accepted. Thus, if we assume that for each of the left and right common carotid arteries, 2,100 (300 × 7 slices) were potentially available, and for the descending thoracic aorta 2,700 (300 × 9 slices) were potentially available, the acceptance rates of images were 72.4%, 65.6% and 73.4%, respectively.
Within-reader and between-reader reproducibility
In the intrareader analysis, the mean time between the first and second readings of images was 123 (SD ± 4) days. The ICC values for within-reader reproducibility in the analysis of all MRI parameters for the descending thoracic aorta were all greater than 0.80 (good) except the aortic mean WA/TVA ratio ( Table 2) . For the between-reader reproducibility, the ICC values of the mean wall area, lumen area, and total vessel area were greater than 0.70 (acceptable; Table 2 ). Thus, the intrareader reproducibility was consi stently higher than inter-reader reproducibility. The BlandAltman plots showed no relation between differences and means and, therefore, indicate little bias between the observers/ observations (Figure 3 ).
Correlation between vessels
The ICCs for the mean wall areas of the three arteries correlated strongly (r = 0.77-0.81; Figure 4 ). The correlations of the other four MRI parameters were poorer, with correlation co efficients ranging from 0.23 to 0.52.
Stratification by age and sex
Overall, 88 patients were aged 50 years or younger (39.1% men), 101 were aged 51-60 years (61.8% men), and 111 were older than 60 years (67.6% men). Values for all five MRI parameters increased with increasing age in each of the different vessels (all P <0.0005 for trend, except for WA/TVA ratio in the thoracic descending aorta, for which P = 0.02; Figure 5 ). The age-adjusted relationships between sex and the MRI parameters were significantly stronger in men than in women, except for mean wall thickness of the thoracic descending aorta and the WA/TVA ratio of the left and right common carotid arteries ( Figure 6 ). After adjustment for BMI the WA/TVA ratio did not differ between the sexes but the wall area remained unchanged.
For all MRI parameters except WA/TVA ratio, significance was lost for differences in values between men and women older than 60 years.
DISCUSSION
We found MRI to be a reliable noninvasive method for the assessment of systemic atherosclerotic plaque burden in multiple large arteries. The exclusion rates for images in our study were similar to those in other studies that have used multislice dark-blood imaging techniques to quantify plaque burden. 11,12,23 Table 1 Characteristics of patients enrolled in the study.
Characteristic (total number of patients for whom data available) Values Demographic
Mean ( 
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Within-reader reproducibility was poor only for the WA/TVA ratio of the thoracic descending aorta. The patients in this study were at intermediate to high risk of cardiovascular disease, but our reproducibility values were consistent with those reported previously in patients at a similar or higher level of risk. [8] [9] [10] [11] 24 Betweenreader reproducibility was also good except for mean wall thickness and the WA/TVA ratio (both ICC <0.70), which are poorer than those in reported in previous studies (ICC 0.98, 95% CI 0.970-0986 for wall thickness, 25 and ICC 0.99, 95% CI 0.98-1.00 for WA/TVA ratio 11 ). The moderate reproducibility for wall thickness in our study was probably a result of having to trace the boundaries of the outer and inner vessel walls; more-complex measurements are generally likely to increase variability. For WA/TVA ratio, the difference might be due to the ratio calculation adding complexity and the larger distribution of atherosclerotic lesion sizes than in the other studies. We chose not to use cardiac gating for plaque imaging in the carotid arteries to reduce image acquisition times. We have previously shown, however, that quantitative morpho metric measures do not differ significantly between gated and nongated sequences. 23 The overall reproducibility might increase with the improvement of the image quality and imaging analysis tool. Intravascular and B-mode ultrasonography are commonly used for direct plaque imaging of the arteries because they enable visualization of plaque composition. 26 The invasiveness of intravascular ultrasound, however, limits its widespread use. B-mode ultrasonography is less invasive than intravascular ultrasonography and has similar reproducibility. The inter-reader reproducibility for measuring the common carotid intima-media thickness with B-mode ultrasonography was reported as being between 0.76 and 0.88 in the Rotterdam study. 27 In the European Lacidipine Study on Atherosclerosis study, the reliability within and between readers for this method was 0.915 and 0.872, respectively. 28 Our reproducibility findings for MRI compare well with those for intravascular ultrasound, 29, 30 which suggests that MRI is a feasible method by which to assess early athero sclerosis.
We assessed the correlation between arteries of the different MRI parameters to investigate whether atherosclerosis is systemic in nature. Of the five parameters assessed, four correlated poorly. Possible explanations for this outcome might be local effects or secondary remodeling arising with the development of atherosclerotic lesions. The only strong correlations were seen for mean wall area values (r = 0.77-0.81), and they are indicative of a systemic distribution of disease. This finding is consistent with that in a study comparing MRI-derived wall volumes of the carotid arteries, where total wall volume had a higher ICC value than lumen area and total artery volume. 31 The correlations between the mean wall areas for the different in our study are notably higher than those reported for intimamedia thickness, measured by B-mode ultrasonography, between the left and right carotid arteries (r = 0.34-0.49), 32 to a level consistent with those from histological studies. This difference might be due to a closer relation between intima-media thickness and wall thickness than wall areas, and also to higher spatial resolutions of intima-media thickness. 33 Prospective studies have, however, shown that carotid intima-media thickness predicts cardiovascular events, 34, 35 although a review of this subject has shown heterogeneity between studies. Since we show reliability of MRI measurement, we suggest that larger, population-based studies are needed to more accurately relate subclinical atherosclerosis to risk estimation.
Men had greater mean wall, lumen, and total vessel areas and wall thickness than women. We used the mean WA/TVA ratio to control for the difference between the sexes in arterial size. All MRI parameters for the three vessels increased with age. Multiple studies of the carotid and aortic plaque burden, as well as electron-beam CT studies of coronary calcification, 36 have established age as a powerful predictor of atherosclerotic disease. We found the mean wall area and the mean wall thickness were no longer signifi cantly different between men and women older than 60 years. This finding is similar to that in the study by Joakimen et al., 37 where the male predominance of atherosclerotic burden was not seen after the age of 50 years. A similar trend was seen for aortic plaque burden in a study in which MRI revealed higher burden among Values increased significantly for all parameters with increasing age (P <0.0001 for all except lumen area of the left and right carotid arteries, P = 0.0003 and P = 0.0005, respectively, and mean wall area to total vessel area ratio of the thoracic descending artery, P = 0.02). Abbreviations: LCC, left common carotid artery; RCC, right common carotid artery; TDA, thoracic descending aorta; WA/TVA, mean wall area to total vessel area.
women than among men in the 70 years and older age-group. 38 Our study has several potential short comings. First, case referral might have introduced selection bias. Second, owing to our incomplete dataset on risk factors, we were unable to perform subgroup analyses. Third, in contrast to some studies, we did not use an automatic image analysis tool to measure the MRI parameters, since we did not have a robust tool with which to do so; however, the main source for the development of (semi)automated measurement tools is manually traced images. Fourth, as in a previous study, 38 we used a 5 mm slice thickness for the aorta, whereas a 4 mm slice thickness has been used in other studies. 24 This wider slice thickness might have increased partial volume effects and could potentially account for at least part of the variability observed. We believed, however, that decreasing the slice thickness would result in a loss of signal-to-noise ratio and contrast, despite the reduction in image acceptance rate. Finally, we did not assess the reproducibility of the image acquisition. Since some of the imaged slices were deemed unsuitable for analysis, it will be important to assess the reproducibility of the (E) Ratio of mean wall area to total vessel area. A trend to greater values in men than in women was seen for all parameters except for the ratio of mean wall area to total vessel area. Abbreviations: LCC, left common carotid artery; RCC, right common carotid artery; TDA, thoracic descending aorta; WA/TVA, mean wall area to total vessel area.
imaging acquisition as well as the analysis in future studies.
In conclusion, in this cross-sectional study of 300 patients we showed good reproducibility for MRI measurements other than the mean wall thickness and WA/TVA ratio. This study also showed a strong correlation between the mean wall areas of the carotid arteries and the thoracic descending aorta, supporting the systemic nature of atherosclerosis. In accordance with clinical presentation of cardiovascular diseases, the values for the MRI parameters were greater in men than in women and increased in average values with age for both sexes. Further investi gations are required to define the relation between the different MRI parameters and clinical or subclinical disease. In addition, longi tudinal studies are warranted to determine the ability of MRI para meters to predict cardio vascular events. 
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